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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

INVESTIGATION OF THE BEHAVIOR OF PARALLEL
TWO-DIMENSIONAL AIR JETS

By Stanley Corrsin
SUMMARY

"An investigation was made of the flow downstream from a
"two-dimensional® grid, formed of parallel rodse The two-
dimensional character of the flow was insured by end plates
normal to the rods and covering the entire flow field.

The jets issuing from between the rods were found to be

hY
covered arca _ 0483 A
- . ]

total arca /

and possible methods of stabilizing the flow were investigated.
Stability was achieved by two methods: (1) by the installation
of a high-resistance, fine-mesh damping screen downstream from
the rods within a certain range of positions; (2) by means of a
large lateral contraction immediately downstream from the rods.
Doubling of the initial turbulence in the Jets coming from between
the rods had no noticeable effect on the flowe .

unstable for the grid density used g’>\ =

The nature of the flow was determined primarily by means of
total-head measurementse Provision was made for heating the rods,
and temperature distributions were measured in the unstable and
the screen-stabilized configurations, Turbulence level distribu~
tions were also measured in the latter case. ~

Preliminary tests were made in both the elosed-duct and the
open, two-dimensional configurations; but it was found that the
same phenomenon occurred in both cases; so no side walls were
used in the setup for the final measurements.
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INTRODUCTION

It is known that under certain conditions, not yet osta‘blished

quantitatively, the flow downstream from a grid is unstables The
instability results in a raplid amalgamation of adjacent jets 1e-
suing from the open . parts of the grid. .

In order to simplify the investigation of this phenomenon,
a fleld of parallel two-dimensional jets was used rather than a

field of three~dimensional jets, -such as would. occur behind a cone
ventional square mesh grid.

Therc is, of course, no basic difference between a field of
parallel two-dimensional jcts and a fleld of parallel two-dimen-
sional wakes. It is the usual convention, when the flow field
in quostion has been set up by a grid made of one row of parallel
rods in an air stream, to describe ‘this field as composed of- Jetl
if the grid density'is h:lgh, and of wakes if the grid density is

lowe The grid demsity, or solidity. 1s defined as the ratio of
blockod area to total arecae. 4

Apparently the first published systematic measurements behind
a row of rods were made by R. Gran Olsson (reference 1) in 1936 =
However, his grid densities werc small (Apgy =0.25) and in addi-

tion, his mean flow was not kept two-dimensional since there were~
no end plates normal to the rods to prevent inflow parallel to

the rodss The maximum jet aspect ratio was 33. Thus, he found
no instability, and, in fact, he was concerned only with the
problm of mixing in fully developed turbulent flowe . -

Ge Cordes (reference 2) investigatcd essentially the same

problem as Gran Olsson, and met with no instability for the same
two rcasons,

- Both of. these investigators precsented theoretical solutions
for the (stablc) fully turbulent flow behind parallel rods, based
on the momentum transfer theory, with Prandtl!s suggested extended
assumption for the exchange coefficient (refercnce 3), involving
the use of two mixing lengths, Later, T, Okaya and M, Hasegawa
(reference 4) elaborated somewhat on the Gran Olsson and Cordes
theoretical analyses.

As far as can be determined, experimental evidence of the
occurrence of instability behind, effectively, a row of rods, was
first published by D, Ce MacPheil (reference 5) in 1939. MacPhail
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was concerned with obtaining uniform flow in a duct which followed
a sinmultancous 90° bend and suddien expansion, He found that thc
use of corner vanes alone resulted in chaotie flow downstrecam
when the vanes were relatively close together., Then he observed
that the introduction of a fine-mesh, high-resistance screen down-
strcam from the vanes resulted in considerably improved flow,
However, MacPhail apparently did not 1ntcrpret the phenoncnon as
a stability pro'blem.

In 1940, J¢ Ge von Bohl (rcference 6) published thc rcsults
of measurcments in the flow behind rod grids in a closed duct.
He was spocifically concerned with the stability of the flow and,
by sufficient variation of the grid demsity, succeedcd in obtaining
both stable and unstable casess Hc made no attempt to stabilize
thc normally unstable flows In the same paper, he presented an
analysis based on the small perturbation method, which gave quali-
tatively the correct result, that is, that the degree of stability
decreases with incroasing grid density.

Bohl's analysis began with a sinusoidal velocity distribu-
tion in thc main flow, and a small superimposed sinusoidal dis-
turbance of wave longth considerably longer than tac original,
Working with the first two cquations of motion, he cffectively

assumed the exchange coefficieont ¢ -i and used thec extended

Prandtl form of ¢ (reforence 3), After several coordinatc transe
formations hec obtained a2n ordinary diffcrential equation of fourth
order for the amplitudo of the disturbance function. This could
be solved by a series which unfortunately diverged in the neighbor-
hood of the grid. Therefore, hc divided the x-axis into a scries
of sections, taking the cocfficients of the cquation constant over
each section, and obtained exponential solutions for each section,
He then carried out the theoretical calculations for two of the
grids tested, and got a qualitative check between theory and
exporiment,

Although the physical justifications for some of Bohl's
simplifications arc not clear, the analysis is worthy of notice
as the first onc published on this problem, and because thc results
are indicative at lcast of a possible method of attack.

The mattcr of flow stability bchind a grid is of importance
in scveral practical problems, Thc applicability to heat exchangers
is obvious, Corncr vanes in ducts or wind tunnels, especially with
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simultaneous turning and cxpansion, may cause instability, -as

as ::a !W

illustrated in MacPhail's oxporiments. Furthermorec, the flow :sfs’ ‘ &:ﬁ
bchind slatted dive brakes on an airplane may also be subject ta sgx :

this type of instability, and may be associated with sovere aileren

or tall buffetinge Lt

The present investigation, conducted at the Ca.lifornia ,.amﬂ

Institutc of Tochnology, was sponsored by, and conducted with faga.

financial assistance from, the National Advisory Committee for
Aeronanticse The work was carried out under the general supor-

vision of Dr. Th, von Karman and Dre Ce B. Millikan, whose intére
cst is gratefully acknowledgede Particular thanks are due to ...

Dr, Hans W, Licpma.nn for his invaluable a.dvico throughout tho 2
roacarch, R A
: coLI fa
x distance in direction of tumnel axis, measured from plane
of rod fa.ces o=
: o 2al?
¥ lateral distance parallel to rod faces and pcrpendicular : fﬂ-:
to slots, measured from tummel center lineo .:“.l_‘-i"-c-'
'z lateral distanco in slot direction . mzsen
U axial component of mean velocity (with respect. to time) T wrrd
u axial component of instantaneous velocity fluctuation . :: 3
u'=J,ﬁ= N con
1""6'- turbulence level - oo J
E  total head i
A grid density = govergd arce
€ enst i total area
T temperaturc, °C
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EQUIPMENT

Acrodynanic Setup

The wind tunnol used in this investigation is essentially
the same unit as wes used in provious tests on a single axially
symetrical jet (reforence 7)e Tigure 1 is a schematic ‘diagram,
approximately to scale, of the tunnel as modifieds The principal
differcence is tho installation of tho new ™mozzlo plate" to give
a row of seven parallcl two-dimensional jetse An enlarged cross—
sectional view of tho nozzle plate, which is constructed of = row
of brass rods, is given in the samc figure, es wcll as a dimen-
sioned cross section of a single rods Although thc aspcct ratio
of the slots is 4O (8 by 0,2 in,), it was found that end platcs
(dotted in fige 1) over the ficld of flow were nevertheloss
nececssary for mainteonance of the two-dimensionnl character of
tho mean flowe The two—~dinensionality was checked in both stable
and unstable cases by a comparison of traverses made at different
y=positionse Figures 2 and 3 show thc unmounted nozzle plate
photographed from the upstream side. Migure 4 is an over-all
view of the tunnel from the downstream end, showing thc end plates,
the motor-driven traversing screw (dotails in reference 7). and the
damping screen noar thc nozzle platce TFigure 5 is a2 close-up showe
ing the screen mounting more clearly, as well as thc end plates
and tho fine total-hcad tubes The nozzle plate can be seen through
the screen, which is at = = 1% inches in this figurc. The rubber
tubing on the right carries the tunnel reference static prcssure,

The brass rods can be hecated electrically to permit a come
parison of downstrean temperature distributions in the unstable
and the stablilized cascss

Onc method of stabilizing the flow was the introduction of a
high~rosistance, fine-mcsh (65 per in,) damping screcn a small
distance awny from the face of the nozzle plate (fige 5)e The
sereon extends laterally well into the region of stationary air
on both sides of thec jet systems The screen is made of rayon, and
its degrec of rcgularity can be judged from the center of figure
184; lens aberration has dlstorted the edges of the field appre-
ciably, The thread diameter averages 0,004 inch, giving a screen
density of 0e52e Tho closcdeduct resistance coefficlent, computed”

fron the results of Eckert and Pfléger (reference 8), is A-f = 3,0
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This coefficient is the ratio of the pressure drop in tho air
passing through a soction of the screen strotched across a closed

duct, divided by thc dynamic pressure of the flows In a free jot, .
with cssentially tho same static pressurc at some distance on both -~

sides of tho screcn, the loss of dynamic pressure through the
screen was about 90 percent of the initial dynemic pressurc, at
loast in tho low-spocd range used in this investigation, - . -+ 1.
ey
In the casc of a singlc free circular jet passing through-:-—s
tho damping screon placod about in the planc of the vertex of tho:3
potontial cone, whoerc the jot bogins to approach tho "fully - i+-a”
doveloped® condition, the incroasc in width was on tho order of -8
60 poercent; the characteristic lateral dimension chosen was tho o
diamctar of the circlo on which tho velocity was half the maximum -
value at the scctione Howover, with the scroen placed at a soo= s

tion well into the potential cono (ce.gs, 8t x = T, the radius —)é) K

of theo nozzle mouth) the spread was only about 20 percents - .-
) i ~?

Provision was madc for the installation of straight vertical ia

sidc walls botweoon the ond plates, but preliminary runs showed - --v
that tho flow phenomena werc idontical in the closed-duct con= ~~do
figuration and thoe two-dimmmsional froe jet configuration; thero= iz

fore all final tosts worc run with the latter, more convenicnt, 7 .

arrangamante )
ot
& typical scction of thc downstrcam contraction used to o
stabilize tho flow is sketched in figure l. Thc two rigidly
curved walls, circular arcs of lli-inch radius, werc hingcd at

the cdgos of tho nozzle plate to pecrmit frec adjustment of throat
81 za,

Moasuring Equipment

Total-hoad measurcmonts worc the principal mcans of investi-
gating thc bdechavior of the flowe Both total head and tecmperaturo
werc photographically rocorded, using a hypodcrmic ncedle total-
head tubo and a copper-constantan thermocouple, rcspectively. The -
suxiliary oquipment, including automatic traversing unit, is des—
cribod in referonce 7. The average traversing time was 20 minutcse

In many of the total-head distributions, ncgative readings
are rcecordede Thesec are, of course, regions of lateral or of
roeversed flow,” the former being of more froquent occurrcncee
Flgure 6 is a directional calibration of the total-head tubes

WY
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The level of the turbulence in the mesn-flow direction also
was recorded by the continuous photographic meothod, using the
1ight bean reflected fron a wall galvanometer to the moving scn~-
sitized papere The hot-wire anemometry equipment is described in
refoerence Te

Since each turbulencc level traverse was run continruously,
it was necessary to use an averagc of the correct valucs of’
resistance in the compensation circuit of the amplifier. In
order to get a measure of the error introduced by this nethod,
one segnent of a turbulence-level distribution was also run with
the conventional point-by-point procedurce, The rcsults of the
two mothods, ziven in figure 7, show surprisingly littlc divergence.
This is because tkc hot wirc was run at the rclatively low average
teaperature differonce of about 75° C above room tcaporatures

Some prelinirary measurcnonts of flow dircction were nades
the instrument cmpioyed was a small rotatable unit carrying a
heatod wire, and a thormocouple comnocted to a galvanonctor
(fige 8)e At each tost point in the flow, this unit is rotated
until the position of maximum galvanoneter deflection is rcached,
corrosponding to a thormocuple position in the center of thc heoated
wirc wekcs The angle is measured electrically with the nelp of a
small rheostat nounted directly on the instrumente However, no
extonsive dircetion surveys werc carricd out since the resulis did
not justify the tine nccossary for such mcasurcmentse

MEASUREMENTS

Unless otherwise described, all measurcnents werc made with
unhoated rods and with thc two-dimensional open=jct configuration;
that {s, with end platcs tut without sidc wallse The following
principal measurcmonts arc included in the rcport: :

1. Total-head distributions at a series of x~positions in the
normal unstable flowe Those show the combining of adjacent jetse

2. Flow-direction traverses at given x-positions in the
unstable flow, which also show the combining of adjacent jeise

3o A series of total~hcad distributions with tho cnd plates
removed, %o illustratc thc effcct of permitting ontrainment of
air into the "dead air® rcgions betwcen jots,

i
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4, A scrics of total-head distributions with the stabilisting

scroen in different represontative positions, to demonstratc its m ~ensu
offocte In cach caso, traverscs werc made at a scries of z-stations : token
downstream from the scroene : C L uadgie : the £-

ERRET-Y ) ¥ parcn

5 Sinultaneous turbulence-level and total-head distributions Turvw
at a series of X~stations in a typical screemmstabilized flowe' - peratt

: - ’ o T 1w @

6o Total-head distributions at the throats of various side .‘“: '
wall contractions (closed duct arrangement), downstream fronm the vy of th.
rods, to show the effect of irmediate contraction on the stability:, : grid :
of the systen,. ; : G LT £ 2 0e83s

. . LaT cwd = jets :

7. Sirmltaneous temperature and total-head distributions at : ;% P » wildl;
a series of x-stations in the unstable case with heated rods, to :,s ' short
give a comparison of the spread of heat and of momentun. : tifia

: : At '

8. Simultaneous temperature and total-head distributions at «: idjig
a sories of x-stations in a typical screen-stabilized case with ad = i the p
heated rods, to give a coparison of the spread of heat and of ,:%) rozzl
nonentum, and-to contrast with the unstable case, e D yas m

TLLTIRe e Z trave:

- . R ’
RESULTS : e ' :
' tez diffe:
(refe:

In general, the experinental results prcsented in this report | start
are qualitative rather than quantitative, in that no attempt has ; ine,
been nade to correct the munmerical values for disturbing effects, : conbi:
although the neasurcncnts have been nade carcfully. Specifically, 7 (f1,
the total-head readings were affccted by both turbulence level ! and £
and variations in mean-flow direction, and hot-wire readings of ¢  inche
turbulence level probably began to lose accuracy for
2 grentor than about 2 percent {roference 7, appendix). . seale
U é

« Since this was principally & phenoncnological study, the air - fron
velocities were choson for convenience of recording, ZIExcept where th
a different value is specifically given in the text, all runs with- $nibi:
out damping sereen were made with a tunnel reference pressure (up- . : third
strean fron the rods) of 0,095 pound per square foot, while all . only .
runs with tho screen in placo were made at a reforence pressure - onc t:
of 04380 pound per square foote

. - N i
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The rods were heated only for runs in which temperature
nessurecnents were nados. A comparison of the total-=head traverscs
taken with and without heat shows no appreciable differcnce in
the flowe Also, the resulting air density variations are ap-
parcntly negligible in their offect on the reading of total head.
Turbulcnce "level wes neasured with thoe rods unheated since ton-
perature fluctuations would affoct tho hot=wire outpute ’

The principal cxperinmental result was the observed instability
of the systea of two-~dimensional jets issuing from the slots in a
grid nade up of a row of parallel rods, with a grid density of
0¢83s Tho instability consisted of a grouping togcther of adjacent
Jets inmediately after their exit fron the slots, resulting in
wildly eddying flowe AdJacent groups then Joined, and at a very
short distance fron the nozzle platc, the flow was no longer iden=
tifiablo as having originated fron a regular row of slots. The
ahcnoncnon was nonstationary in the scnsce that the sane pairs of
adjacent jots did not always unite first. This fact shows that
the phionomenon was not caused by nechanical irzperfections in tke
rozzle plates Fortunatcly, a single flow configuration usually
was naintained for a long enough tinme to permit a2t least one
traverse, and oftcn for considerably longer.

Figure 9 is a series of lateral total-=head traverses at
different downstrean distances, for the same flow configuration
(rofcrence pressure » 0,285 1b/sq ft). In this case, the flow
started out as seven uniform, cqually spaced jots (for x = 1/2
in,, see, for instance, fige 19). Alnost imediately, jet 1
combined with jet 2, jot 3 with jet 4, and jets 5 and 6 with jet
7 (fige 9C). Then, jet 1 = 2 conbined with jet 3 - U4 (fig., 9D);
and finally, jet l=2=3=U joined jet 5=6-7 (fige. 9F). At =x= 10
inches, the flow looked as if it hnd originnted from a single jet.

The drawing of the nozzle-plate face is to the same lateral
scnle as the totalwhead distributions.

The two recorded alternative flow configurations resulting
fron the instability are comparcd in figure 10, It is scen that
they wcre essentially nirror inages, one with thc two-two-three
initial combination groups and the other with thrce~two—=two. The
third, symnetrical, possibility, two-three-two, was encountered
only once during the investigation, and then only for a part of
onec traverse.




e e

2

T

Pl 2 0 el ¥_padtl

PP SER TR R -t Vo

This prompt joining of adjacent jets naturally involved 449
considerable deviations of individual jets fron flow in tho :3-swwren
direction of the ‘z=axise’ Figure ll gives tho rosults of tho ‘e g
directlon measurenents nmentioned previocusly., The spacing.and .oy
longth of the vectors have no significance; only flow direction :m«:
is ropresenteds It should be renarked that the travorse at i~y
x = 2 inches clearly corresponds to the reverse unstablo flow- w4 red
configuration fron figurc 9D,
e ~"‘1‘-

The jots ware pa.rtially sta‘bilized by tha ra:ova.l of tho
end platos, pernitting a net flow into the systen along the third,
(2) axis (fig. 12)0 s 2 ;
-\--’ a

Complote stabilization of thc flow was achieved by the in- ,nﬁ
troduction of a2 fino-nesh, high-density screcn parallcl to tho-
face of thc nozzle plate and anywherc botwoen 1/¥ inch and 1} -
inches downstrean fron it, The screen characteristics are doo- B~
cribed in the previous scctione Figures 13 and 14 show a series aaths
of total-head distributions for screen positions in the stabilizing {p :
ranges All traverses are downstrean of the screcn.. The narrov . fs
irrcgularities that disappear with incrcasing x arc apparently . i
the fine-nesh screcn jots in the procoss of combining with each.~;vezd
other. Thus, the screen jot systcn itself secms to bo unstablo.

PP R TP

.

-
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As tho danping screen was nmoved farther than 1L inches fron - t‘lf %;.
the nozzle plate or closer than 1/4 inch, the stabilizing effoce:.:.q) i
tiveness decroascds TFigure 15 is a sot of total-head distributions :s
boHind the screcn placed at x = 2% inchese The first traverse vortd
was run very close to the damping screen so that the 1ndivldna.l et :no
screen Jjots are still distinct, Y :
CoorT las ;,/ 4
Sctting the screen at x = 0, against the fdce of the rods. k=t 3 1
had no stabilizing influencc on thc flowe The principal effect »
of this arrangcnont was mercly to increase thoe turbulence level
of the jots prior to nixings The sane effoct was achieved by
introducing a coarse grid (1/8-in, nosh, 1/16-in, wires) into the
tunnel 2 inches upstreen of the loading odges of the rods, This®
arrangencnt also had no noticecable stabilizing influences Duc to .-
the high contraction of the flow passing botween the rods, this -/

i i

1/8-inch grid only doubled the initial turbulemce level in the <.l {
Jot potentinl conos, raising it from 0430 to 0¢55 percante aEEC R
i :-’.’9 »
The sccond successful method of stabilizing the ficld of R

Jots was the installation of a lateral contraction irnediately
downstrcan fron tho rodse Tho total-head distributions in figure
16 werc mcasurcd at the throats of thrce contractions, with arca




ratios of 2,031, 2,731, and 6,7:1s It can be seen that with the
highest contraction ratlo the center nininun has disappcared,
appercntly indicating a conpletely stabilized flows .

In the screm—stabilizod flow, tho turlmlence—level distridu-

.tion becomes uniforn.as rapidly as the velocity distribution. The

illustrative curves of figure 17 arc mcasurcncnts of the square of
the turbulence lovel, which is tho quantity rcgistored by tho theor-
nocouple and well galvanomctor combination at the output of tho
anplificre Physically, this is a.ncasurc at eaci point of tho
ratio of fluctuating kinetic energy in thc mocan~-flow dircction,

to nean-flow kinotic cnorgye As was to be expccted, at snall
values of x, where tle scparate jets werc still distinguishable,
the turbulence naxina coincided with the velocity minina, wkich
worc, of coursc, the mixing rcgions betwoon jotse The reason for
the decrecased turbulonce level in the mixing regions betwoen jJets
1 and 2 and jets 6 ‘and 7 is not evident,

: "o turbulonce-levcl necasurcnents were made for the free
(unstable) jots, since the wildly eddying flow resulting fron
tho instability cannot bc rcgarded as developed random turbulcnce.

In the course of thc investigation it was found that the col-
locting of dust particlcs on tic damping screen decrcased thc degrce
of stability of thc downstrean flows The dust was nainly carried
in tke wind tunnel air strcam, and theroforc was conccntrated on
tho: darming scrocn in sever narrow strips wherc the air from the
scven slots impingcd upon ite Figure 18 shows thc effect of screen
dust upon thc totel-head and turbulence distributions, The nicro-
photograph of the dusty screem indicatcs that the total blocking
arca of thc dust particlcs was not largee Thus tihie instability
was probably due to the irrcgularity of the rcsistance rather than
to any incrcase in the magnitudo of the resistanco.

Heating thc brass rods gave the opportunity for 2 comparison
of temperaturc distridutions corresponding to unstable and stabilized
flow, as well as furnishinz a comparison of total-head and tempcera~-
turo distridution in ecach of the two cascse Figurcs 19 and 20 arc
traverses in the unstablc and the sceroen-stabilized case, respeoc-
tivoly. The rod tcmporature was lower in the latter case dne to
highor air velocity, with identical elcctrical heating in thc rods.

Sinco thesc were cases with cool air dblowing past hecated rods, tho

temperature ninina coincide with the velocity maxinas In the free
Jet tests it wns possiblc to get sufficiently closc to the nozzle
plate to record the teapcrature naxima in theo air that had becn in
the boundary laycrs of the rods (fig. 19A)e It skould be remarkod
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that the unstablo configuration in ﬁgu.res 194; aml 19D 1s Opposite:
to that recorded in 19B and 19C. The temparaturc diastributions e
i1n tho stable and unstabloc cases show considerably loss contrut :
than do the corrosponding velocity d.istributions.

- s - <2

. Par d.om&tream, measurements in both stable- a.nd. unstable caid
cascs chocked tho lmown result, that in a region of turbulent ,.,¢; )y
nixing, with temporature differences, the heat - spreads mere .ot ip -
rapldly than the nonontnn (roferences 7 and 9). I g

- DISCUSSION LT T

3 Lol

T N S PR T * |
- The physical nochanisn of this instability of multiple Jot ..y
gsystens secans to hinge on the entrainment of air by the individual; ¥
Jets from the dead air regions between thems 4n hypothesis 1s as ! °
follows: <the entralmmcnt reduces thc static pressurc bctwoon Jets,
tending to forcc them togothcr. As a jot sprcads out downstrean, E T
it bohaves likec a diffuscr, so that its conter-line static proe--s§. .. -
gurc incroases downstroane The prossure difforcnce betwocn the .32
Jots and the air botween thonn is balanced by divergent curvature - ..*"
of tho jet strcanlines. Tms, for givon air jots, wider. spacing -
roquires a relatively greater diffusion angle of the individual -.l .-
Jots before adjacent oncs touch; and when tho spacing is suffi-. Yo .
ciontly groat (1.c., for great cnough grid demsity), the nocessary’
nngle 18 prohibitivoly large, rosulting in a bdreakdown of the: ﬂow '
-3
Sone very rough static pressurc ncusurmonts by Bohl 1nd.1ca.to
a distribution sinmilar to that described. o ':q

v
ot .:. ‘
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The present invostigation gives no indication of thc~ criticnl ;
valuo of grid density, A,p» and of its possible variations with -

changes in initial or boundary conditions, Bohl found A, bo-

twoen 0437 and 0,46, tho densitics for his stable case and ninimuo- .
‘density unstablc case, respoctively, Hls grids were nade up of - :
flat, sharp-edge wooden slats sct normal to the nir stream, and .

Aer D&y be a function of rod shapo, and also a function of rod

Reynolds rmumbor,

# The liniting casc of A = 0 corresponds to a uniforn flow. .
with no obstructidn, and is, of course, stablec, Tho other 1init,
A->1.0, can bo approached oithor by decreasing tho spacing of
givun rods or by incroasing thc spacing betwecn givon jotse If - -
tho jot welocity is fixed a3 A approachos unity, presunably well
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above A.ps the system would probably remain basically unstable

in both cases, although a long tinc would be rcquired for the
entrainnent of sufficient alr to cause thc necessary pressurc
reduction between the jetse The single two-dinensional jet in
an infinite stationary field is, of course, stablce

This type of instabllity is also to be expected in the ficld
of jets behind a conventional square nmesh grid of sufficient den-
sitys As pointcd out previously, the total-head distributions
behind the danping screcn clearly show the joining of the small
Jetse In the flow behind square nesh grids, then, it is to be
anticipated that at a glven mmber of nesh lengths downstrean the
turbulenco lovel should be appreciably highor after an unstable
Jot system than aftor a stable systenm.

A series of ncasurcments of the decay of turbulence behind
socveral grids in a wind tunnel was nade several years ago by
Se Atesuni at the GALCIT, The nesh sizes varied from 1/8 inch to
1% inches, and donsitics fron about 0e3 to Oels Tho following
tablc givos the values of 2= at 75 nesk lengths downstreanm fronm
the gridse The readings have been corrected approxinately for
the finite longth of thec hot wire.

‘ ' - Turbulence
level
Mesh Rod : x
length, diancter, Density, at M = 75,
2 M d A ut
: 5]
(percent) )
; 0450 04084 0e308 1433
50 2051 376 1.36
1400 . 0.25 o138 1.33
150 +50 | 556 178
125 <054 577 3,11
L+ 23 . eT08 3432
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This sct of wvalucs seens to confirn thc existeonce of at loast':
a critical region of A for the flow behind squarc nesh grids, .
botween perhaps Oe¢5 and Owbe This is somewkat higher than tho
rango found by Bohl for his particular arrangcnent of rod grids,
but therc is no reeason to -mticipate que.nt:}tativo egreenent bo- L
twocn the two casese T

Coe .

i PR I PR

The hypothesis that tho individual jets act like d.iffusors .,
is further supported by the exporinentally proved’ ‘possibility of .
stebilization by ncans of a downstrean demping screcns Howevor, 2 R
the detailed mechanisn of this stabilization is not 1mcdia.tely
evident.* - . .

DA

“re

MacPhail (rcfercnce 5) also found that it was nccessary to - L
install the damping scrcen a finite distance downstrecan fron the
corncr vancs in ordor to gct the mest uniforn resulting flows
Hc suggested that tliis gnp botween vancs and screen was ncccessary
to pornit latoral flow for rcarrangencnt of the (supposcdly) irrecg-
uwlar flow boforc the scroecn, However, his velocity ncasurcments 7.
indicato greater rogularity upstroam of the serccn than cxisted 2
at the sane reglon with no screcn in the flows This was also -1
definitely found to bo tho case in the prosent investigntion.

It should be renarkod that MacPheil's sct of cornmer vancs,
although nado of shect net2l, actod as a highedensity grid becamse
thoy werc stelleds

In conncetion with the attainnent of stable flow by means
of a contrnction, it 1s intcresting to notc that for the meoasurcd
stablo caso Fﬁg. 16C) tho throat arcn is very nearly equal to
tho sun of tho arcas of the soven initial jctsea Possibly the
gnount of contraction necessary to achicve stability is related
to thc net offectivo diffusion in going from the sum of the initial
Jet arcas to tho throat aren.

The fact that an increase of frcoestrean turbulonce lewcl in
the jcts had no noticcablo effect on the stability is not surpris-
ing since, in general, turbulent mixing has been found to be inde-
pendent of the initial turbulence (reference 10, pe 20); and the
turbulent mixing at the edges of the jets controls the entrainment
of air,

e

»It has been suggested by members of the MACA technical staff
that the stabilizing effect of the damping scréen may perhaps be
attributed to an offective decrease in A due to forced sprea.ding
of the indi'rld.ual Jotse
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Removal of the end plates did not stabilize the flow com-
pletely because of the high aspect ratio of the Jets, which tends
to keep the flow twomdimensional at the center. In figure 12,
although the jet system shows increased ovem=all regularity as
contrasted with the completely unstable case, there exist smaller
scale irregularities that were not present in the latter flow.
These irregularities arise with the removal of the end plates,
and are apnarently due to the semistable nature of the flow.

They are obviously not random turbulence; the traverses of figure
17, for example, show that the total-head tube does not follow

the rapid fluctuations of fully developed turbulent mixing. Thus,
these irregulerities are actual changes in local mean velocity,
probably due to intermittent existence of the stable and the un-—
stable flow configurationse With lower jet aspect ratios, the
average flow pattern would probably approack more closely to the
completely stable case, while higher jet aspect ratios would lead
to a flow more nearly like the completely unstable case of figure 9.

The flow behind slatted airplane dive brakes may be of the
type of figure 12 when the slats ars built parallel to the wing
surface and thorefore set up jets of high aspect ratios Aileron
or horizontal tail buffeting appears to be most serious for this
arrangement, which is reasonable in view of the orientation of
thc two-dimensional eddies or vortices arising from the flow
instability, This difficulty has been at least partially solved
in actual practice by two methods: (1) by the use of a "picket
fence" type of slatted dive brake, with the slats perpendicular
to the wing surface; this not only rotates the axes of the vortices
to a less dangcrous orientation, but also permits a decrease in
the aspect ratio of the slots betwecen the slatsj and (2) by the
use of a square mesk grid as a dive brake, thus eliminating the
two-dimensional naturc of the eddies, The mesh size should be as
small as possible in order to give rapid decay of the downstream
turbulence developing out of these instability eddies.

Fluctuations downstream of a brake could be reduced by
decreasing the solidity to a value below the critical, but high
energy losses are desirable; so a combination of high-density
grid and downstream damping screen would offer possibilities,
However, it is obvious that considerable structural difficulty
would be encountered in such an installation, Of course, in
heat exchangers and corner-vane installations, on the other hand,
it 1s desirable to keep the losses to a minimum,
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It is possible that sta‘oilization 'by means of a contraction
followed by a welledesigned diffuser, would involve less total
energy loss.than an adequate damping screens In any case, from
structural considerations it is evident that the former is more .
conveniently applicable to dive brakes and to insta.llations whero
there is a limited available duct length. ,

TR S T RS S U

Since the present investigation has bsen principally qualita- .
tive, in comnection with both the instability phenomenon and the =
two successful methods of stabiliza.tion, there 13\ a grea.t deal of -
o.ua.ntitativo work to be done, » .

In general, most of the necessary data would consist of total-
head measurements, These can be carried out very conveniently by
an automatig travorsing and recording arrangement similar to the
one used in this investigation. This was set up. by Mr, Ce Thicle
for preliminary mea.suramonts in the single axially symmetrical -

Jet (roforence 7). , .

Tor the stability’ problen itself, it 1s suggested that measure-
ments be made with a considerably larger rumber of parallel Jets,
and a wide range of grid densities. Also, the possible effect of
rod Reynolds number upon tho value of the cr:‘.ti.cal grid density
should be invostigateds . PO

In tho matter of screen sta.'biliza.tion, it 1s of intcrest to
find out the effect of mosh size relative to jet dimensions, as
well as tho rangc of demping scroen densities which give satis-
factory stabilization, with a determination of the optimum den~
sity, which, according to results of )lacl’hail. does exist.

Por the method. of stabilization by means of a contraction,
{nvestigations should be made of the effect of variations in the
fundamental geometrical parameterst rate of contraction and total
contraction ratio, relative to grid. density. :

Possiblo quantitative differences in behavior of thrco- T
dimensional and two-dimensional Jjet fields could be investigated,
as well as possible, quantitatiyve differences for ﬁhe lattor in
the clossd-duct and. the cpen-sided cases. - , ,

Iinally, the range of over-all efficiencies for the two
moethods of flow stabilization should. be determined.
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. GONCLUSIONS

le The field of parallel two-dimensional air jets downstrcam
from a grid made up of parallel rods is unstable for a grid den-

. 8ity of 0¢83. The results of previous investigators show the

existence of a critical range of grid density below which the
downstream flow is stable and above which it is unstable. The
same phenomonon occurs -in both two— and three-dimensional jet
fields.

2o Tho ﬂov can be completely stabilized. by the introduction

of a fino-mesh damping screen parallel to the grid plane and within :

a d.eﬁn.tte range of positions downstrean from the grid.

3¢ The flow can bde completely stabilized by means of an

adequate lateral contraction beginning immediatcly after the grid.

4, The flow cen be at least partially stabilized by the
"vrcentilation® of tho spaces between jets, pormitting alr to flow
into the system in the third dimension, parallel to the rod axes.

e Doubling of the initial turbulencc lcvel in the jets has
no noticeable offcct on the stability,.

Celifornia Institute of Technology,
Pasadcena, Calif., August 19u4li,
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Eigure 5.-

Figure 4.- Tunnel and traversing

4H24 Figs.
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of slots-. Total head tube in flow.
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" Figure 8.- Direction meter. Schemstic sketch, ,
not to scale. (Rotating drive not shown.) .
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